Objectives: To evaluate the one year cognitive, mood state, and quality of life (QoL) outcomes of unilateral thalamic deep brain stimulation (DBS) for essential tremor (ET). Methods: 40 patients diagnosed with ET completed comprehensive neuropsychological assessments about one month before and three and 12 months after DBS electrode implantation. Data were subjected to multivariate analyses, and significant results were further analysed using univariate techniques. Results: Analyses revealed statistically significant improvements on a cognitive screening measure and in aspects of fine visuomotor and visuoperceptual functions, verbal memory, mood state, and QoL. No group-wise declines in cognition were observed, but more patients showed declines than improvements on language and visual memory tests. Semantic verbal fluency declined significantly in four (10%) of the patients. In these four patients, diminished lexical verbal fluency was present at baseline. Conclusion: Cognitive, mood, and QoL outcomes after one year of DBS for ET are favourable; there were no overall deleterious effects on cognition, and DBS was accompanied by a significant reduction in anxiety and improvements in quality of life. However, preoperative verbal fluency diminution may predispose to further fluency declines after DBS. E ssential tremor (ET), one of the most common movement disorders, renders a disabling, non-uniform, bilateral effect primarily on the upper limbs, although the lower limbs, head, face, voice, and trunk may be affected to a lesser extent.
ssential tremor (ET), one of the most common movement disorders, renders a disabling, non-uniform, bilateral effect primarily on the upper limbs, although the lower limbs, head, face, voice, and trunk may be affected to a lesser extent. 1 Despite the high prevalence of this disorder (estimates range from 1% to 22% of the elderly population 2 ), neither its pathophysiology nor its functional mechanisms are well understood. There is debate about whether the tremors of ET and Parkinson's disease (PD) are associated, 2 and whether PD and ET are different manifestations of the same disorder. 3 From a cognitive standpoint, recent studies of ET reveal patterns of cognitive changes that qualitatively overlap those seen in PD, but are more circumscribed and less severe. [4] [5] [6] [7] With the recognised success of deep brain stimulation (DBS) in relieving parkinsonian and essential tremor, an important issue is whether the benefit of regaining a degree of motor control (that cannot be pre-determined in an individual patient) outweighs possible cognitive morbidity or a decline in quality of life (QoL). Studies of PD permit the tentative conclusion that cognitive morbidity and QoL risks are minimal after unilateral thalamic DBS. [8] [9] [10] [11] A priori, it might be assumed that the same would hold true for ET, but empirical evidence is limited.
Short-term results of thalamic DBS for ET have yielded variable findings regarding the nature and extent of cognitive changes after surgery. For example, no significant effect on cognition was reported by Lucas et al 12 in a single case study. Negligible cognitive morbidity has been observed in two other studies. Blond et al 13 observed a transient slowing of information processing in one of four ET patients. In a study of 40 patients evaluated three months after surgery, Tröster et al 14 found declines in lexical verbal fluency (but gains in some measures of attention, visual perception, and memory), and reported significant improvements in QoL. There was no significant mood disturbance (which can occur after DBS in PD 15 ). Because longer term effects of thalamic DBS in ET are unknown, this study was undertaken to consider: (1) cognitive and QoL functioning after stimulation over an extended period of time, namely, 12 months, and (2) the course of previously reported changes, specifically, whether gains observed at three months were maintained, and whether deficits had resolved. An ancillary purpose of the study was to learn whether the few anticipated group-wise neurobehavioural changes after DBS might hide the existence of subgroups of patients who experience marked declines or improvements. To this end, frequency of changes exceeding two standard deviations in test scores were tabulated.
METHODS

Participants
Thirty five patients underwent DBS implantation in the left ventrointermediate (Vim) nucleus of the thalamus, five in the right. Table 1 shows participants' demographic and disease characteristics. All 40 participants in this study who were diagnosed with ET exhibited a postural and/or kinetic tremor (without additional neurological signs) that significantly disrupted their activities of daily living and was inadequately controlled by drugs for at least three months before surgery. Patients were considered DBS candidates unless they had any of the following: (1) prior thalamotomy; (2) other intracranial CNS disease (except possible PD in two cases); (3) medical conditions requiring repeated MRI; (4) cardiac pacemaker; (5) unstable medical problems. Additionally, if baseline neuropsychological evaluation revealed a major psychiatric disturbance or dementia, the patient was no longer considered a surgical candidate and was excluded from the study. Of 59 patients who presented for post-surgical follow up, 40 completed both three and 12 month neuropsychological follow up; three additional patients had 12 month but not three month follow up and were excluded from analyses. Those who only came for three month follow up (n=16) did not differ from those who also came for 12 month follow up (n=40) on any key demographic, disease, or neuropsychological test variables at three month evaluation. Thirty two of the patients participating in this study overlap with those reported by Tröster and colleagues.
14 Mean scores reported in the previous sample at three months did not differ from the current sample's three month scores on any of the outcome measures (all p>0.05).
Participants continued the use of their tremor medication, if applicable, throughout motor and cognitive evaluations. Table  2 denotes the number of patients taking drugs for control of tremor, 16 17 and for anxiety and depression. Two patients with possible coexisting PD and ET were also taking levodopa and/or dopamine agonists, but only one continued to do so at 12 month follow up. These patients' scores did not differ from those of the rest of the sample on any outcome measures (all p>0.05) and were therefore included in the analyses. One other patient included in the study was taking donepezil at 12 month evaluation (even though memory scores were comparable to those at three months and there was no objective neuropsychological evidence of a dementing process in this patient).
Motor examination
The same neurologist (RP), experienced and specialising in the evaluation and treatment of movement disorders, completed all the motor examinations, including the FahnTolosa-Marin tremor rating scale. 18 Items 1-10 of this 21 item inventory were used to derive a motor score of 0 to 84 based on a 4 point scale for each item (0 = normal), with several questions including multiple ratings to account for both resting and postural tremor in relevant body parts. Items related to drawing, pouring, speaking, and activities of daily living were not included because activities of daily living are covered in the QoL measures (mPDQ and SIP) and the neuropsychological battery evaluates verbal fluency, as well as fine visuomotor coordination and dexterity.
Neuropsychological assessment
Baseline neuropsychological evaluations were conducted about one month before surgery. Post-surgical assessments were conducted about three and 12 months after unilateral thalamic DBS implantation. The neuropsychological battery was constructed to assess a broad array of functional domains and includes measures of cognitive screening, attention and executive functions, memory, language, visuoperceptual skills, mood state, and QoL. Cognitive tests were selected to minimise motor demands. Alternate test forms were used for the verbal fluency tasks during pre-surgical and post-surgical assessments. Quality of life was assessed with both disease specific and generic measures. The Parkinson's Disease Questionnaire-39 was modified (mPDQ) for ET simply by replacing all occurrences of "Parkinson's disease" with "essential tremor." The PDQ-39 contains 39 items that ask participants how often during the past month tremor has caused difficulty in eight domains of functioning (see table 5 ). The Sickness Impact Profile, a generic QoL instrument containing items in 12 categories of physical and psychosocial functioning, asks patients to mark the items of difficulty that apply to them (see table 5 ). For both instruments, scores are recorded as percentages, where a higher percentage represents a greater amount of difficulty and/or dissatisfaction with function.
Because of time constraints and scheduling conflicts (many patients lived out of the greater metropolitan area), some participants were not able to complete the entire test battery. At the time of postoperative assessment, neuropsychologists and technicians were blind to participants' possible operative complications, tremor ratings, stimulation parameters, and preoperative test scores. 
Surgical procedure
The surgical procedure used is described in detail elsewhere. 19 20 In brief, cranial CT and stereotactic techniques were used to target the VIM nucleus contralateral to the side of the body chosen for treatment (that is, dominant hand in all but two patients whose non-dominant side symptoms were deemed to be more disabling). A quadripolar DBS electrode (model 3382; Medtronic, Minneapolis, MN) was positioned at the target site where intraoperative stimulation at the lowest voltage resulted in good tremor control, transient paresthaesias, and no gross speech deficits. Next, a subcutaneous pulse generator was placed in the subclavicular region and connected to an electrode lead. Contact selection and stimulation parameter programming were achieved after patient recovery and were adjusted on an outpatient basis.
Data analyses
To investigate whether or not neurobehavioural status was comparable across the three assessment time points, neuropsychological tests were firstly, for conceptual clarity, grouped according to the broad construct measured (for example, language; see table 3 ). The several outcome variables within each domain were then subjected to doubly multivariate (that is, repeated measures multivariate) analyses of variance using the three time points as the multivariately handled, within subjects factor and the several test scores in the domain as dependent variables. This approach to analysis represents one that permits one to conceptually identify the variate created in the analysis (for example, corresponding to a functional domain, such as language) while simultaneously reducing the number of analyses required and, consequently, the probability of type I error. Only when multivariate analyses yielded a significant result were individual test score means within that domain (for example, attention) compared by univariate repeated measures analysis of variance. The multivariate statistic required to be significant before follow up univariate analyses were conducted is the F value associated with Wilks' λ. Wilks' λ is a pooled ratio of error variance to effect plus error variance, and provides an assessment of whether the population mean of the combined dependent variables (test scores in a domain) is similar across the three time points.
In this study, at α=0.05, there was adequate power to detect medium and large effect sizes (power ranging from 0.60 to 0.97), but insufficient power to detect small effect sizes (0.14 to 0.22, depending on statistical test).
To investigate the second issue, namely whether deficits identified previously at three months resolve or improve by 12 months, and whether similarly identified gains are maintained, selected univariate analysis of variances were followed by pairwise comparisons between baseline and 12 months and
RESULTS
Because baseline to three month comparisons have been reported previously in an overlapping sample, 14 they are not repeated here.
Tremor rating and stimulation parameter comparisons Tremor scores on medication and on stimulation at 12 months were significantly better than those taking drugs at baseline (mean=19. 35 
Frequency of score changes
Previously identified changes in verbal fluency tended to persist-between baseline and three months, 7.5% of patients showed decline on semantic verbal fluency, and at 12 months, 10% of the patients had significantly lower scores than at baseline.
DISCUSSION
Only two studies 12 14 have examined short-term neurobehavioural outcomes after thalamic DBS for ET, and together they suggest that QoL improves significantly while cognitive morbidity is comparatively minimal. The aims of this study were to evaluate changes in cognition, mood state, and QoL associated with unilateral thalamic DBS in ET, and to determine durability of these changes over 12 months. With regard to cognitive performance, scores on a cognitive screening measure (DRS) improved over the course of the three assessments. Improvements over time were similarly observed in tasks of fine visuomotor coordination (dominant hand only) (Grooved Pegboard), visuoperceptual gestalt formation (HVOT), and verbal memory (immediate and delayed recall and recognition of a word list; CVLT). Of note, the gains observed on these tests at three month follow up were still evident at 12 months, but few new gains occurred during the 3 to 12 month interval (with the exception of further increases in DRS Conceptualisation and CVLT Immediate recall scores). Although no new significant losses in any cognitive function occurred as indexed by average scores, it is noteworthy that by 12 months, relative to pre-surgical baseline, 10% of patients (4 of 40), showed declines also in semantic verbal fluency. Compared with baseline, lexical verbal fluency remained mildly diminished. Overall, cognitive test results suggest that circumscribed verbal fluency declines accompany unilateral thalamic DBS in ET. Most cognitive functions assessed do not change appreciably, however, and, together with isolated possible improvements in memory, support the contention that thalamic DBS in ET is safe from a cognitive standpoint.
Despite being very limited in scope and of modest clinical significance, the neurobehavioural changes observed require further study so that the underlying physiological and cognitive mechanisms might be better understood. Whether the observed cognitive changes are related to disease progression cannot be determined, as no data regarding neuropsychological changes over time in non-surgical ET patients have been reported. Also, given that patients were evaluated on measures of cognition and mood after surgery only with the stimulator on, you cannot from present data unambiguously attribute verbal fluency decrements to stimulation rather than a microthalamotomy effect. Given studies showing that in PD the effects of thalamic stimulation on language and memory vary as a function of stimulation parameters (see Hugdahl and Wester, 21 Johnson and Ojemann, 22 Pillon et al, 23 and Tröster et al 24 ) , and the fact that the lexical verbal fluency decrement persists to 12 months (and are accompanied by clinically notable declines in semantic fluency in about 10% of patients), enthusiasm for a microthalamotomy effect explanation is diminished. Indeed, stimulation of subcortical structures has been shown to affect both motor speech 25 and cognitive processes 26 27 involved in verbal fluency task performance, making it more likely that changes in fluency are attributable to stimulation in itself. Notwithstanding intraoperative recording and stimulation for localisation purposes, the absence of radiological verification of electrode location in this and other studies limits statements about the neuroanatomic parameters of stimulation effects on cognition.
Another important question concerning the declines in verbal fluency is their predictability; in other words, can you confidently identify people at risk for such declines before surgery? Present data do not permit that this issue is investigated directly, but some preliminary observations to direct future studies are in order. When comparing the group of patients who had baseline lexical fluency scores below average to those patients with scores average and above, only the first group showed a decline in semantic fluency. It is postulated that this occurrence may be related to frontal/executive components of lexical fluency, because baseline semantic fluency scores for the groups were comparable. Given that subtle and circumscribed executive deficits have been observed in ET, 4 6 7 and that executive deficits present a risk for post-DBS cognitive decline in PD, 28 the possibility arises that ET and PD share predictors of post-DBS cognitive declines. As a matter of interest, relative to other factors possibly contributing to cognitive decline, neither of the two patients with a diagnosis of both PD and ET, nor the one later given topiramate (which might adversely affect cognition 29 30 ) were among the four whose semantic fluency declined postoperatively. Interpretation of gains in test scores is also complicated by the possibility that practice effects, rather than true improvements in cognitive function, account for these positive changes. That practice effects might be the source of observed gains on cognitive tests cannot be excluded with confidence (particularly because there is no test-retest reliability data available for ET), but three observations are noteworthy in this regard. Firstly, the gain observed in the total number of words recalled on trials 1-5 of the CVLT (Immediate Recall) is greater than that expected from repeated test exposure alone per normative data. 31 Secondly, the most substantial gain occurred at the third assessment (after a nine month test-retest interval) rather than at the second assessment (four month interval). This is not consistent with a practice effect because test-retest gain bears an inverse relation to test-retest interval. 32 Thirdly, the partial η 2 effect sizes were generally large, ranging from 0.20 to 0.35 on cognitive measures.
Results of this study suggest that, similar to neuropsychological test score changes, changes in mood state and QoL scores are also stable over the first 12 postoperative months. Profile of Mood States reveals continued statistically significant reduction in tension and anxiety symptoms at 12 months, but the BAI does not reveal this, probably because the instruments measure different aspects of anxiety (see Higginson et al 33 34 ). It is unlikely that the reduction in anxiety postoperatively is simply attributable to elimination of possible anticipatory anxiety associated with upcoming surgery, because patients who were taking anxiolytics at baseline were also taking them 12 months after surgery, and the two patients who withdrew them three months after surgery had them reinstated again by 12 months after surgery.
Consistent with our earlier findings, a disease specific QoL measure (mPDQ) reveals that after DBS, patients are more satisfied with activities of daily living, emotional wellbeing, and perceived stigma. Although subtle declines in satisfaction with these three QoL domains seem to occur between three and 12 months, the decline is not significant, and the improvement relative to baseline remains statistically significant. Whether this subtle decline in QoL represents a loss of an initial postoperative "honeymoon effect," dynamic adjustment over time of patient expectations based on new "realities," 35 operation of new physical and psychosocial factors not measured here that adversely impact QoL, or a shift in the valence attached by patients to certain aspects of QoL, is uncertain. It is fairly certain, however, that this subtle reduction in QoL satisfaction does not represent diminution of tremor control over time, given that neither tremor ratings, nor stimulation parameters, changed significantly between three and 12 months.
The SIP, a generic QoL measure, reveals statistically significant change overall (that is, across the three assessments and the three domains-Total, Physical, Psychosocialconsidered in tandem), but significant changes in specific scores between pairs of time intervals are lacking (with the exception of a significant improvement in psychosocial aspects of QoL between baseline and three months). The somewhat discordant findings rendered by the mPDQ and SIP invite comment but are not difficult to reconcile. SIP scores in the group of patients studied here reveal a floor effect (consistent with observations made previously 14 ), thus lending credence to the oft made criticism that generic QoL measures tend not to be sensitive to specific changes most central to a given disease or syndrome. Particularly salient is the apparent insensitivity of the SIP Physical scale to tremor improvement. Despite the fact that the tremor rating revealed continued, significant improvement at 12 months relative to baseline (and tremor scores and stimulation parameters remained comparable at three and 12 month follow up), the average SIP Physical function scale was not significantly better at 12 months than preoperatively. Moreover, while the subtle decline in SIP Physical score between three and 12 months was not statistically significant, 10% (3 of 29) of the patients who completed the questionnaire showed declines in this score of two or more standard deviations. A probable reason for the insensitivity of the SIP Physical scale to effects of tremor is the fact that the tremor rating focuses on upper extremity tremor. In contrast, the Physical scale of the SIP includes mainly items relating to mobility, ambulation, and body care and movement, activities that are minimally affected by tremor of the upper extremities.
In summary, thalamic DBS appears safe from a cognitive standpoint. Isolated gains may be noted in verbal memory, while circumscribed decrements in verbal fluency occur. Unilateral thalamic DBS in ET is also associated with improvements in anxiety and sizable improvements in several domains of QoL. These changes seem comparatively stable across a 12 month postoperative interval, although some dampening of the QoL gains may occur. Review of results across individual patients suggests some heterogeneity in outcome, and the hypothesis is raised that pre-existing executive dysfunction, and more specifically, impoverished lexical/ phonemic verbal fluency, heralds post-surgical declines in verbal fluency. 
